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REVIEW

The location of constitutional neurofibromatosis 2 (NF2)
splice site mutations is associated with the severity of NF2
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E Bijlsma, M Kalamarides, L Papi, R Kato, J Carroll, C Lázaro, F Joncourt, D M Parry, G A Rouleau,
D G R Evans
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Neurofibromatosis 2 (NF2) patients with constitutional
splice site NF2 mutations have greater variability in disease
severity than NF2 patients with other types of mutations;
the cause of this variability is unknown. We evaluated
genotype-phenotype correlations, with particular focus on
the location of splice site mutations, using mutation and
clinical information on 831 patients from 528 NF2 families
with identified constitutional NF2 mutations. The clinical
characteristics examined were age at onset of symptoms of
NF2 and number of intracranial meningiomas, which are
the primary indices of the severity of NF2. Two regression
models were used to analyse genotype-phenotype
correlations. People with splice site mutations in exons 1–5
had more severe disease than those with splice site
mutations in exons 11–15. This result is compatible with
studies showing that exons 2 and 3 are required for self-
association of the amino terminal of the NF2 protein in
vitro, and that deletions of exons 2 and 3 in transgenic and
knockout mouse models of NF2 cause a high prevalence of
Schwann cell derived tumours.
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N
eurofibromatosis 2 (NF2) is a rare auto-
somal dominant disease that is caused by
inactivating mutations of the NF2 tumour

suppressor gene.1 2 The NF2 gene has 17 exons
and codes for a protein (termed merlin or
schwannomin) that links the cytoskeleton to
the cell membrane. The protein has 595 amino
acids with three functional domains: an amino
terminal domain, an a helical domain, and a
carboxy terminal domain. NF2 codons 1–302
(exons 1–9) correspond to the predicted amino
terminal domain, codons 303–478 (exons 10–13)
to the a helical domain, and codons 479–595
(exons 14–17) to the carboxy terminal domain.
Pathogenic NF2 mutations have not been found
in exons 16 or 17.
Clinically, NF2 is characterised by nervous

system tumours and ocular abnormalities.3–5

Vestibular schwannomas, usually bilateral, occur
in more than 90% of adult patients and
intracranial meningiomas occur in about 50%
of patients. Mild and severe disease often can be
defined by the age at onset of symptoms of NF2
and the number of cerebral tumours other than
vestibular schwannomas.5–7 In general, constitu-

tional nonsense and frameshift NF2 mutations
are associated with severe disease, and missense
mutations and somatic mosaicism are associated
with mild disease.6–14 In contrast, patients with
constitutional splice site NF2 mutations have
highly variable disease severity.15

The cause of the high phenotypic variability in
NF2 patients with splice site mutations is not
known. One hypothesis concerns the location of
NF2 splice site mutations, specifically, that
mutations in the carboxy terminal domain are
associated with less severe disease than muta-
tions in the amino terminal domain or a helical
domain. Meningiomas occur in half of NF2
patients, but Kluwe et al15 reported that menin-
giomas were absent in 13 NF2 patients with
constitutional splice site mutations in exons 14
or 15 (for conciseness, the location of splice site
mutations is given by the closest exon). Somatic
NF2 mutations are also common in sporadic
meningiomas, but Wellenreuther et al16 did not
find NF2 mutations of any type in exons 14 or 15
in 41 sporadic meningiomas.
In previous studies, we used the population

based United Kingdom NF2 registry to demon-
strate that there were genotype-phenotype cor-
relations for individual types of NF2 related
abnormalities.7 17 In this study, we used an
international NF2 mutation database to further
examine genotype-phenotype correlations in
NF2, with particular focus on the location of
constitutional NF2 splice site mutations. We
found that splice site mutations in exons 1–5
were associated with more severe disease than
splice site mutations in exons 11–15, as indicated
by younger onset of symptoms of NF2 and more
intracranial meningiomas.

METHODS
Patient data
We compiled an international database from all
published studies of NF2 mutations and related
clinical data, the United Kingdom NF2 registry,
and unpublished data from investigators. The
database has the advantage of a very large
sample size, although clinical data vary in
completeness. Currently, the database has infor-
mation on 1112 patients from 738 NF2 families
with identified constitutional NF2 mutations.
The database is described in the Human Gene
Mutation Database18 and additional information
is available from MEB.
People were eligible for this study if they had

an identified constitutional NF2 mutation and
information on the age at onset of symptoms of
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NF2, or the number of intracranial meningiomas, or both
(subsequently, age at onset of symptoms refers to symptoms
of NF2 and age at diagnosis refers to diagnosis of NF2). Age
at onset of symptoms and number of intracranial meningio-
mas are the primary clinical indices of the severity of NF2.5–7

The analyses excluded people with rare types of NF2
mutations (in-frame deletions or insertions, large insertions,
or chromosomal translocations) and somatic mosaics with
mutations other than nonsense or frameshift mutations. A
total of 831 patients from 528 NF2 families (409 people with
new mutations and 422 inherited cases) met these criteria
and were included in the study.

Statistical methods
Cross sectional associations of the type of constitutional NF2
mutation with the age at onset of symptoms and the number
of meningiomas were assessed by regression models. The
models were chosen on the basis of the nature of the
dependent variable. A multivariate normal model with right
censoring was used to model the association of the type of
constitutional NF2 mutation with the age at onset of
symptoms. For asymptomatic patients, the age at onset of
symptoms was right censored at the older of two other age
variables (age at diagnosis and age at last examination or
death). A gamma mixture of negative binomials model was
used to evaluate the association of the type of constitutional
NF2 mutation with the number of intracranial meningiomas
because the count distribution of meningiomas was heavily
right skewed. Models were fit by maximum likelihood
estimated using the quasi-Newton method. Computations
were done using C programs developed at the Department of
Statistics, University of British Columbia (available from HJ).
Each model had an exchangeable correlation structure

within families that permitted assessment of intrafamilial
effects beyond those due to the type of constitutional NF2
mutation. The other covariates in each model were gender
and inheritance (new mutation or inherited case). In the
meningioma model, the age at last examination or at death
(or the age at diagnosis if this information was missing) was
a covariate because the penetrance of NF2 associated
meningiomas increases with age.7

The type of mutation variable was classified categorically
as seven binary variables. These variables were indicators of
somatic mosaicism (defined at the molecular level), splice
site mutations (subdivided by location), missense mutations,
large deletions, and patients with full constitutional non-
sense or frameshift mutations. The latter group of patients,
who typically have severe disease, was the reference group for
statistical comparisons.
For the purpose of the analysis, we divided the location of

splice site mutations into three groups using two different
methods. There were 128 families with splice site mutations,
but these mutations were distributed unevenly among the 15
NF2 exons in which pathogenic mutations have been
reported. There was only one mutation in exon 1 and only
two mutations each in exons 9 and 10. There are several
possible ways to group the exons, and two different
approaches were used in the analysis. In the first analysis,
splice site mutations were divided according to the predicted
merlin functional domains (exons 1–9, 10–13, and 14–15). In
the second analysis, splice site mutations were divided in
three equal groups by exon number without a priori reference
to functional domains (exons 1–5, 6–10, and 11–15).
Genotype-phenotype correlations were evaluated using the

model based dependent variables and their 95% confidence
intervals (CI). CIs that excluded zero were considered to be
statistically significant. CIs were calculated in two ways: for
different types of mutations relative to the reference group
(that is, with splice site mutations analysed as a single class),

and between the three NF2 regions of splice site mutations.
To evaluate differences between people with splice site
mutations in the three NF2 regions, the 95% CI of the
difference between the model coefficients for the exon
categories was calculated (for example, the difference in
the age at onset of symptoms between people with splice site
mutations in exons 1–5 v 6–10, exons 1–5 v 11–15, and exons
6–10 v 11–15).
Kaplan-Meier analysis was used to compare survival in

people with splice site mutations in different regions of the
NF2 gene. Only patients from the United Kingdom NF2
registry were used in the survival analysis because the
registry has complete ascertainment of survival. The United
Kingdom NF2 registry has 94 NF2 patients from 51 families
with splice site mutations. To account for the positive
association within families, the p value was based on the
null permutation distribution of the log rank statistic, with
permutation of families. Under the null hypothesis of equal
survival distribution in the two groups, families can be
permuted to each of the two groups (while keeping the same
number of families in each group as in the original data), and
the log rank statistic can be computed for each permutation.

RESULTS
The characteristics of the study population are presented in
table 1. As in previously published studies that were included
in the international NF2 mutation database, somatic mosaics
and people with non-truncating mutations had milder
disease than people with full constitutional nonsense or
frameshift mutations (the reference group). Somatic mosaics
and people with splice site mutations, missense mutations, or
large deletions were older at onset of symptoms and at
diagnosis than the reference group. The prevalence of
meningiomas was lower in people with splice site mutations,
missense mutations, or large deletions than in the reference
group.
The genotype-phenotype correlations are presented in

tables 2 and 3. These tables have the observed and model
based maximum likelihood estimates for average age at onset
of symptoms (table 2) and average number of meningiomas
(table 3). The model based estimate of the average age at
onset of symptoms was significantly higher in somatic
mosaics (29 years) and in people with missense mutations
(31 years) or large deletions (23 years) than in the reference
group (16 years) (table 2). The model based estimate of the
average number of meningiomas was significantly lower in
people with missense mutations (0.4) or large deletions (0.8)
than in the reference group (1.7) (table 3). When splice site
mutations were analysed as a single class, people with splice
site mutations were significantly older at onset of symptoms
and had significantly fewer meningiomas than the reference
group.
The genotype-phenotype correlations for the location of

splice site mutations are of particular interest. The results for
the two groupings were similar for age at onset of symptoms,
although the model based on grouping of exons by functional
domains produced mean ages of onset that were slightly
closer to the observed averages (table 2). People with splice
site mutations in exons 1–9 were significantly younger at
onset of symptoms than people with mutations in exons 14–
15. Similarly, people with NF2 splice site mutations in exons
1–5 or 6–10 were significantly younger at onset of symptoms
than people with splice site mutations in exons 11–15.
For number of meningiomas, the grouping based on equal

number of exons provided more precise genotype-phenotype
correlations within the predicted amino terminal domain.
People with splice site mutations in exons 1–9 had
significantly more meningiomas than people with mutations
in exons 14–15, but people with mutations in exons 1–5 had
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significantly more meningiomas than people with mutations
in exons 6–10 or 11–15. Overall, when the results for age at
onset of symptoms and number of meningiomas are taken
together, people with splice site mutations in exons 1–5 have
more severe disease than people with mutations in exons 11–
15.
Other covariates contributed significantly to the models

after adjustment for the type of constitutional NF2 mutation.
There was a weak but significant intrafamilial correlation for
age at onset of symptoms (0.21, 95% CI 0.13 to 0.30), but
neither age, inheritance, nor gender were significant expla-
natory variables in these models. Similarly, there was a weak

but significant intrafamilial correlation for number of
meningiomas (0.18, 95% CI 0.06 to 0.30). Inherited cases
had significantly fewer meningiomas than people with new
mutations (0.5-fold, 95% CI 0.2- to 0.8-fold). The number of
meningiomas increased slightly but not significantly with
increasing age, and gender did not significantly influence the
number of meningiomas.
For the Kaplan-Meier survival analysis, the location of

splice site mutations was dichotomised into exons 1–5 or 6–
15 because people with splice site mutations in exons 1–5 had
the most severe disease. There were too few people with
splice site mutations in exons 14–15 to support a mortality

Table 1 Characteristics of 831 people with NF2 by type of NF2 mutation

Characteristic

Type of NF2 mutation

Nonsense or frameshift

Splice site Missense Large deletionClassical* Somatic mosaic

Number of people/families 340/272 40 263/128 73/25 115/63
Inheritance (%)
New mutations 60 100 32 15 40
Inherited cases 40 0 68 85 60

Gender (%)
Female 45 50 50 44 50
Male 55 50 50 56 50

Age, mean (SD) (years)
Onset of symptoms of NF2� 16 (10) 29 (11) 23 (12) 29 (14) 24 (11)
Diagnosis of NF2 22 (12) 39 (12) 29 (15) 36 (19) 28 (14)

Vestibular schwannoma (%)
None 7 11 13 7 5
Unilateral 4 13 8 7 6
Bilateral 89 76 79 86 89

Intracranial meningioma (%)
Absent 31 41 60 71 69
Present 69 59 40 29 31

*‘‘Classical NF2’’ refers to people with full constitutional NF2 mutations, as opposed to somatic mosaics defined at the molecular level; �excludes 67 inherited
cases who were asymptomatic at the time of diagnosis of NF2.
SD, standard deviation.

Table 2 Genotype-phenotype correlations for the age at onset of symptoms of NF2

Covariate
Sample average age at
onset of symptoms (years)

Model based estimated average
age at onset of symptoms (years) 95% CI

Type of NF2 mutation
Nonsense or frameshift

Classical NF2� 17 16 (15 to 18) (reference group)
Somatic mosaic 29* 29* (26 to 33) *

Splice site (total)` 25* 23* (21 to 25)*1
Splice site (divided by functional domains)

Exons 1–9 23* 21* (18 to 23)*
Exons 10–13 26* 26* (21 to 31)*
Exons 14–15 32* 31* (27 to 35)*

Splice site (divided by exon number)
Exons 1–5 21 20 (17 to 23)
Exons 6–10 25* 21* (18 to 25)*
Exons 11–5 30* 29* (26 to 32)*

Missense 30* 31* (27 to 34)*
Large deletion 25* 23* (20 to 25)*

*Statistically significant.
�‘‘Classical NF2’’ refers to people with full constitutional NF2 mutations, as opposed to somatic mosaics defined at the molecular level.
`There are three separate models. In the first model, splice site mutations are analysed as a single class (‘‘total’’). In the second model, splice site mutations are
assigned to the nearest exon, and the exons are divided by functional domains within the merlin protein (exons 1–9, 10–13, or 14–15). In the third model, splice
site mutations are assigned to the nearest exon, and exons are divided into three equal groups by exon number (exons 1–5, 6–10, or 11–15). In each instance, the
coefficients for the other covariates (for example, the intrafamilial correlation coefficient) are those from the model in which splice site mutations are analysed by
equal groups by exon number. The values for these other covariates are almost identical in each of the three models.
1Statistical tests in the body of the table are comparisons to the reference group. The 95% CIs of differences in age at onset of symptoms (in years) between people
with splice site mutations in different regions of the NF2 gene are as follows:
Exons 1–9 v 10–13: 211 to +1
Exons 1–9 v 14–15: 215 to 25*
Exons 10–13 v 11–15: 212 to +2
Exons 1–5 v 6–10: 25 to +3
Exons 1–5 v 11–15: 213 to 24*
Exons 6–10 v 11–15: 212 to 23*
CI, confidence interval
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analysis using that category. As seen in fig 1, people with
splice site mutations in exons 1–5 had significantly lower
survival than people with splice site mutations in exons 6–15
(permutation distribution p value for the log rank statis-
tic=0.037).

DISCUSSION
Almost all previous studies of genotype-phenotype correla-
tions in NF2 have been based on relatively few patients due
to the rarity of the disease.19 Larger studies with detailed

clinical data are needed to evaluate specific genotype-
phenotype correlations, such as correlations for individual
types of NF2 associated abnormalities and correlations for the
location of a single type of mutation within the NF2 gene.
Recently, we evaluated genotype-phenotype correlations for
individual types of NF2 associated abnormalities using the
population based United Kingdom NF2 registry, which has
information on 560 people with NF2. We found that there
were genotype-phenotype correlations for intracranial
meningiomas, spinal tumours, peripheral nerve tumours,
and cataracts.7 17 Genotype-phenotype correlations for speci-
fic types of abnormalities have been found in other diseases
that are caused by mutations in other tumour suppressor
genes, notably APC, VHL, and NF1.
Yet even the United Kingdom NF2 registry is not large

enough to evaluate genotype-phenotype correlations for the
location of a single type of mutation within the NF2 gene. In
this study, we used an international NF2 mutation database
to extend NF2 genotype-phenotype correlations to the
location of splice site mutations. Our findings are analogous
to those that have been observed for the location of APC
mutations and the number of colorectal adenomas,20–23 the
occurrence of congenital hypertrophy of the retinal pigment
epithelium,24–26 the occurrence of desmoid tumours,25 26 and
the age at onset of colon cancer.27 However, our findings
differ from the genotype-phenotype correlations in APC
because there is not a genotype-phenotype correlation for
the location of all types of mutations within the NF2 gene.
The location of nonsense and frameshift NF2 mutations,
which occur in 56% of NF2 families,18 is not significantly
associated with the age at onset of symptoms of NF2 or the
number of meningiomas (data not shown).
Genotype-phenotype correlations in NF2 have been studied

experimentally. Naturally occurring single-base pair substi-
tutions (missense mutations and nonsense mutations) have

Table 3 Genotype-phenotype correlations for the number of intracranial meningiomas

Covariate
Sample average number of
intracranial meningiomas

Model based estimated
average number of
intracranial meningiomas

95% CI for count ratios
(compared to people with
classical NF2 and nonsense or
frameshift mutations)

Type of NF2 mutation
Nonsense or frameshift

Classical NF2� 1.7 1.7 1.00 (reference group)
Somatic mosaic 2.1 1.4 (0.5 to 1.2)

Splice site (total)` 0.9* 0.9* (0.4 to 0.7)*1
Splice site (divided by functional domains)
Exons 1–9 1.1* 1.1* (0.5 to 0.9)*
Exons 10–13 0.8 0.7 (0.2 to 1.1)
Exons 14–15 0.2* 0.3* (0.1 to 0.4)*

Splice site (divided by exon number)
Exons 1–5 1.7 1.7 (0.6 to 1.6)
Exons 6–10 0.7* 0.7* (0.2 to 0.7)*
Exons 11–15 0.4* 0.5* (0.1 to 0.5)*

Missense 0.4* 0.4* (0.1 to 0.5)*
Large deletion 0.7* 0.8* (0.3 to 0.7)*

*Statistically significant.
�‘‘Classical NF2’’ refers to people with full constitutional NF2 mutations, as opposed to somatic mosaics defined at the molecular level.
`There are three separate models. In the first model, splice site mutations are analysed as a single class (‘‘total’’). In the second model, splice site mutations are
assigned to the nearest exon, and the exons are divided by functional domains within the merlin protein (exons 1–9, 10–13, or 14–15). In the third model, splice
site mutations are assigned to the nearest exon, and exons are divided into three equal groups by exon number (exons 1–5, 6–10, or 11–15). In each instance, the
coefficients for the other covariates (for example, the intrafamilial correlation coefficient) are those from the model in which splice site mutations are analysed by
equal groups by exon number. The values for these other covariates are almost identical in each of the three models.
1Statistical tests in the body of the table are comparisons to the reference group. The 95% CIs of differences in number of meningiomas between people with splice
site mutations in different regions of the NF2 gene are as follows:
Exons 1–9 v 10–13: 20.5 to +1.4
Exons 1–9 v 14–15: 0.6 to 2.2*
Exons 10–13 v 11–15: 20.2 to +2.2
Exons 1–5 v 6–10: 0.2 to 1.3*
Exons 1–5 v 11–15: 0.6 to 2.0*
Exons 6–10 v 11–15: 20.2 to +1.2
CI, confidence interval.
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Figure 1 Kaplan-Meier survival analysis of NF2 patients with splice site
mutations from the United Kingdom NF2 registry: patients with mutations
in exons 1–5 or exons 6–15 (permutation distribution p value for the log
rank statistic = 0.037).
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been used to identify the location of amino acid residues that
are critical for the tumour suppressor function of merlin.
Missense mutations produce merlin that is defective in
negative growth regulation, while nonsense mutations do not
produce stable merlin.28 Missense mutations also produce
merlin with reduced but not absent binding to bII spec-
trin.29 30 In this study, we confirmed that missense mutations
are usually associated with mild NF2.
Missense mutations occur in only 5% of NF2 families,18 and

the number of currently available patients is insufficient to
test the association of the location of missense mutations
with phenotype. Splice site NF2mutations are more common,
occurring in 25% of NF2 families. The effects of splice site
mutations are more complex than those of missense
mutations and may include exon skipping or the use of
cryptic splice sites, leading to frameshifts to stop codons, the
production of various peptides, or leaky expression. In
general, though, exon skipping occurs more frequently than
the use of cryptic splice sites.31 Therefore, it may be possible to
relate the results of the present study to experimental studies
in which specific NF2 exons were deleted.
Gutmann and colleagues proposed a model of ‘‘closed’’ and

‘‘open’’ merlin conformations, in which the closed conforma-
tion is active as a tumour suppressor. In this model, merlin
forms two intramolecular associations, one within the amino
terminal domain and another between the amino terminal
domain and the carboxy terminal domain.28 32 33 The a helical
domain may serve as a hinge to bring the amino terminal
domain and the carboxy terminal domain together. The
amino terminal domain self-association stabilises the inter-
action between the amino terminal domain and the carboxy
terminal domain.
The relevance of this model to the results of the present

study is that NF2 exons 2 and 3 are required for self-
association of the amino terminal domain in vitro, and this
self-association is necessary for merlin to function as a
tumour suppressor.28 In transgenic and knockout mouse
models of NF2, deletions of exons 2 and 3 cause a high
prevalence of Schwann cell hyperplasia and Schwann cell
derived tumours, in contrast to deletions of exons in the
predicted carboxy terminal domain.34 35 In the present study,
the association of splice site mutations in exons 1–9 (and
especially exons 1–5) with severe NF2 is compatible with
these experimental studies.
Since the genotype-phenotype correlations for the location

of splice site mutations imply that the location of deletions in
the NF2 gene is associated with disease severity, we evaluated
genotype-phenotype correlations between the location of
intragenic large deletions and the age at onset of symptoms.
Forty eight people from 24 families had intragenic large
deletions that could be localised to either exons 1–9 or exons
10–15 and had information on age at onset of symptoms. We
used the multivariate normal model with exchangeable
dependence and right censoring as described in the
Methods section, to evaluate genotype-phenotype correla-
tions. The model based estimated average age at onset of
symptoms for people with intragenic large deletions in exons
1–9 was 19 years, compared to 30 years in people with
intragenic large deletions in exons 10–15 (p=0.02). This is
consistent with the genotype-phenotype correlation for the
location of splice site mutations.
Another implication of our results is that 39 NF2 splice site

mutations can produce partially functional merlin. There
have been many immunohistochemical studies of merlin
expression in vestibular schwannomas and meningiomas,
but most of the studied tumours have been sporadic rather
than occurring in NF2 patients, and specific NF2 mutations
usually have not been reported.36–41 The strongest direct
evidence that splice site NF2 mutations can produce partially

functional merlin comes from a well characterised NF2
family with a very mild phenotype and a constitutional
1737+3 ART splice donor site mutation. Exon 15 was skipped
in fibroblasts and tumour cells from affected family
members, and merlin was expressed with the carboxy
terminus of isoform III.42 43

Kluwe et al15 reported that patients with constitutional
splice site NF2 mutations in exons 14–15 did not have
meningiomas, and hypothesised that exons 14 and 15 had
less of a role in tumour suppression of meningiomas than in
suppression of other NF2 related tumours. The present study
confirms that there are fewer meningiomas in NF2 patients
with splice site mutations in exons 14–15. However, our
results are more consistent with an effect on overall disease
severity rather than on meningioma formation alone because
patients with splice site mutations in 39 exons also had older
onset of symptoms. In addition, the effect on number of
meningiomas does not appear to be limited to exons 14–15.
People with splice site mutations in exon 6–10 and 11–15
each had significantly fewer meningiomas than people with
splice site mutations in exons 1–5.
Age at onset of symptoms and number of meningiomas

provide complementary information for genotype-phenotype
correlations in NF2 because presenting symptoms in NF2
usually are not related to meningiomas. The most common
presenting symptoms of NF2 are hearing loss, tinnitus,
vertigo, or imbalance, which are usually caused by vestibular
schwannomas.3–5 Seizures or headaches, the usual symptoms
of meningiomas, are the presenting symptoms in only 6–8%
of symptomatic NF2 patients.3–5

Age at onset of symptoms of NF2 and age at diagnosis of
NF2 are strong predictors of the risk of mortality in NF2.6 44

The association between the location of splice site mutations
and survival in the present study probably reflects the
differences in age at onset of symptoms in people with splice
site mutations in different regions of the NF2 gene. When the
location of splice site mutations and age at onset of
symptoms are both included as covariates in a Cox regression
model, mutation location is not an independent predictor of
mortality (data not shown).
We found that, in general, NF2 large deletions were

associated with mild clinical manifestations of NF2 (in the
sub-group analysis, the position of intragenic large deletions
within the NF2 gene was associated with the age at onset of
symptoms). The cause of the association of NF2 large
deletions with mild disease is unknown. Constitutional NF2
large deletions are common, occurring in 21–32% of NF2
families,45 46 but conventional mutation screening techniques
such as single strand conformation polymorphism analysis
do not detect heterozygous large deletions. There have been
few published data on genotype-phenotype correlations for
NF2 large deletions,12 45–47 but our findings are consistent with
these earlier observations.
Bruder et al48 hypothesised that there was a modifier gene

for NF2 located telomeric to NF2 on chromosome 22. These
investigators then used microarray-comparative genomic
hybridisation in a series of NF2 patients with large deletions
and demonstrated that the deletions in people with moderate
or severe NF2 often extended beyond the NF2 locus, while the
deletions in people with mild NF2 only affected the NF2 locus
itself.46 When NF2 large deletions in the international
database are classified as either whole gene deletions or
deletions that involve part of the NF2 gene, people with these
two types of large deletions do not have significantly
different mean ages at onset of symptoms or numbers of
intracranial meningiomas (data not shown). However, this
broad categorisation of the size of NF2 large deletions may
not be sufficiently precise to identify the phenotypic effects of
putative modifier genes near the NF2 locus.
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Somatic mosaicism occurs in an estimated 25–30% of NF2
patients with new mutations.49 50 Our data suggest that there
is ascertainment bias in the identification of somatic mosaics.
In the international database, 65 (79%) of 82 known mosaics
have nonsense mutations, frameshift mutations, or indels,
while only 241 (57%) of 420 people with new mutations and
full constitutional mutations have these types of mutations
(Fisher’s exact test, p,0.001). Full constitutional nonsense
mutations and frameshift mutations usually cause severe
NF2. Somatic mosaics with nonsense or frameshift mutations
may be more likely to be diagnosed because their phenotype,
although attenuated by mosaicism, is still severe enough to
be classified as NF2, while mosaicism in people with other
types of mutations may produce a phenotype that is so mild
that it escapes medical attention or fails to meet the standard
clinical diagnostic criteria for NF2.51

After accounting for genotype-phenotype correlations in
regression models, there were weak but significant intrafa-
milial correlations for the age at onset of symptoms and the
number of meningiomas. We previously demonstrated these
correlations in a subset of patients from the present study.52

Intrafamilial correlations may reflect differences in the
phenotype of individual NF2 alleles that comprise a mutation
type, or these correlations might be evidence of modifying
genes.
The finding that inherited cases had fewer meningiomas

than people with new mutations may be due to reproductive
selection. As seen in table 1, the proportion of inherited cases
is higher in people with splice site mutations, missense
mutations, or large deletions than in people with full
constitutional nonsense or frameshift mutations. Full con-
stitutional nonsense or frameshift mutations usually cause
severe NF2, and these patients are less likely to reproduce
because they often die in the third or fourth decade of life
and are typically debilitated for a lengthy time beforehand.
There are genotype-phenotype correlations for many

disease manifestations of NF2, but there can still be
considerable intra-familial phenotypic variability. Vestibular
schwannoma growth rates can vary markedly among multi-
ple affected relatives of similar ages in the same NF2 family.53

Specific disease manifestations and disease course also may
differ between monozygotic twins with NF2.54 These observa-
tions indicate that the phenotype of NF2 is probably
influenced by gene-environment interactions or stochastic
factors, in addition to the effects of the mutant NF2 allele and
other familial (and presumably genetic) factors demon-
strated in this study. With further research, it may be
possible to assess the contribution of all of these factors to the
phenotype of NF2. For application in the clinical setting, the
age at onset of symptoms of NF2 or age at diagnosis of NF2
are the strongest predictors of the course of the disease.6 44
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